Organization of DNA into chromatin is likely to participate in the control of the timing and selection of DNA replication origins. Reorganization of the chromatin is carried out by chromatin remodelling machines, which may aect the choice of replication origins and eciency of replication. Replication itself causes a profound rearrangement in the chromatin structure, from nucleosomes to DNA loop domains, allowing to retain or switch an epigenetic state. The present review considers the eects of chromatin remodelling on replication and vice versa. Oncogene (2001) 20, 3086 ± 3093.
Introduction
DNA in eukaryotic nuclei is organized into chromatin. Apart from packaging and protecting the genetic information, compaction of genomic DNA into chromatin provides an additional level for the control of gene expression (Wole, 1998) . DNA is assembled into dierent chromatin structures, heterochromatin and euchromatin, which cover large areas of the genome. Heterochromatin domains are transcriptionally silent, and are replicated later than transcriptionally active euchromatin domains (Deuring et al., 2000; Friedman et al., 1996; Kornberg and Lorch, 1995; Leach et al., 2000) . The basic units of chromatin, nucleosomes, are separated by linker DNA that may vary in length and provides¯exibility to the nucleosome chain. Chromatin maturation following the deposition of nucleosomes onto the DNA includes histone deacetylation, regular spacing of nucleosomes, and interaction with linker histones (Travers, 1999) . The chromatin environment is predominantly repressive: assembly of naked DNA into nucleosomes represses both replication and transcription (Li and Botchan, 1994; Simpson, 1990) . Further compaction of nucleosomal DNA into 30 nm ®bres and DNA loop domains (Cook and Brazell, 1976; Paulson and Laemmli, 1977) provides an even more repressive environment.
Since chromatin constitutes a barrier for processes aecting DNA, such as transcription, replication and repair, a mechanism is required that can open up or remodel' chromatin to make it accessible to replication and transcription factors. The modi®cations of the chromatin structure emerge as an essential level of control of gene expression. Macromolecular complexes modify or maintain the chromatin structures in speci®c areas of the genome, thus assuring regulation of the nuclear functions. While the initiation of DNA replication in the context of chromatin is still poorly understood, it is known that packaging of DNA into chromatin can repress the replication of DNA (Cheng et al., 1992; Li and Botchan, 1994) . It therefore seems likely that chromatin remodelling takes part in the spatial and temporal control of the initiation of replication. Initiation of DNA replication in higher eukaryotes remains an enigma: very few origins of replication have been found so far, and no consensus sequence has been derived from these studies (for review see DePamphilis, 1999; FrancË on et al., 1999) . It is quite possible that the sites of initiation of DNA replication are controlled by surrounding chromatin, and if so, chromatin remodelling machines would be particularly important in de®ning the spatial and temporal order of DNA replication.
A higher level of DNA compaction, the DNA loop domains may also relate to spatial organization of DNA replication, as shown by co-localization of DNA loop anchorage sites with replication origins (Vogelstein et al., 1980; Smith et al., 1984; Razin et al., 1986; van der Velden et al., 1984) . The DNA loop size also correlates with that of the replicons (BuongiornoNardelli et al., 1982; Marilley and Gassend-Bonnet, 1989) . In higher eukaryotes, DNA replication is regulated by aggregation of many adjacent replicons into replication factories, where origins are activated in a synchronous manner. Hence, changes in the organization of DNA loop domains may have a direct in¯uence on the pattern of DNA replication.
Finally, after the passage of the replication machinery, the assembly of duplicated daughter DNA strands into chromatin enables their further compaction into higher order structures, allowing another regulation step for the maintenance or modi®cation of chromatin states (epigenetic regulation) at the genome level.
The present review will consider the role of dierent levels of chromatin organization and chromatin remodelling factors in initiation, elongation, and termination of DNA replication. The possible implications of replication for maintenance and switching of chromatin-mediated epigenetic states will also be discussed.
Chromatin remodelling complexes
A growing number of chromatin remodelling complexes has recently been puri®ed from various species. They are de®ned as chromatin remodelling complexes according to their capacity to modify the structure and positioning of nucleosomes in vitro. These complexes are thought to represent major regulators of gene expression. However, their direct involvement in the regulation processes in vivo has been observed only in rare cases (reviewed in Biggar and Crabtree, 1999; Sudarsanam et al., 1999; Winston and Carlson, 1992) . Several recent reviews focus on these remodelling complexes, their composition, biochemical activities, and putative mechanisms by which they participate in the gene regulation (Kingston and Narlikar, 1999; Logie and Peterson, 1999; Lorch et al., 1999; Wole and Hayes, 1999) . We will describe here the chromatin remodelling complexes with regards to their potential role in DNA replication.
Chromatin spacing and assembly complexes
Several types of chromatin remodelling complexes have been described. The ®rst subset has a nucleosomespacing activity, mediating the formation of regularly spaced nucleosome arrays from randomly positioned nucleosomes. It includes the Drosophila ACF and CHRAC complexes (Ito et al., 1997; Varga-Weisz et al., 1997 ), human RSF (LeRoy et al., 1998 , and yeast ISWI 1 and 2 complexes (Tsukiyama et al., 1999) . These complexes share an essential, highly conserved, ATPase subunit with helicase signature motifs which de®ne the ISWI family of ATPase/helicases. ATP hydrolysis is required for their nucleosome-spacing activity, which is speci®cally activated by nucleosomes and not by free DNA or histones. Such nucleosomespacing activities may participate in chromatin maturation following DNA replication. It is not yet known whether the chromatin spacing/assembly complexes display any preference for newly replicated DNA.
Interestingly, some nucleosome spacing complexes, such as yeast ISWI2 (Tsukiyama et al., 1999) , Drosophila ACF, or its ISWI subunit (Corona et al., 1999; Ito et al., 1997) stimulate the deposition of nucleosomes onto naked DNA, in the presence of histone chaperones NAP1 or CAF1.
The ACF complex contains an Acf-1 protein which functions cooperatively with ISWI in the catalysis of chromatin assembly (Ito et al., 1999) . Acf-1 is highly homologous to the human protein WSTF (William Syndrome Transcription factor 1), which contains PHD ®ngers and a bromodomain. One of the human homologues of ISWI, hSNF 2 h, has been shown to be a part of a remodelling complex containing WSTF (Bochar et al., 2000) . ACF and hSNF 2 h/WSTF represent a class of complexes involved both in chromatin maturation and chromatin remodelling. This subset of ISWI-containing complexes, with chromatin assembly and/or nucleosome spacing activities, might take part in the formation and/or maintenance of specialized chromatin domains within the nucleus following DNA replication.
HDAC-associated chromatin remodelling complexes
Chromatin remodelling complexes containing histone deacetylase activity (HDAC) have recently been identi®ed (Tong et al., 1998 ; for review see Tyler and Kadonaga, 1999; Wade et al., 1998; Xue et al., 1998) . These complexes, termed Mi-2/NuRD or NRD, remodel chromatin via their ATPase subunit Mi-2û, which contains a SNF/SWI-related ATPase/Helicase domain. Chromatin remodelling favours a subsequent histone deacetylation by associated HDAC (Kehle et al., 1998) , which interacts with transcriptional repressors. This could trigger remodelling and deacetylation activities at speci®c sites, leading to transcriptional repression.
Such complexes may be involved in DNA replication by embedding origins of replication into a repressive, deacetylated chromatin structure, which would reduce their accessibility to replication factors. They could participate in the establishment of dierent patterns of timing of replication initiation in the course of the S phase of cell cycle. Chromatin remodelling-deacetylating complexes might also work in a more global way, by maintaining regions of the genome in a repressive chromatin state, thereby delaying the timing of their duplication during S phase, as observed for heterochromatin (Hatton et al., 1988) .
Transactivator-dependent nucleosome remodelling complexes and DNA replication
Most chromatin remodelling complexes have been shown to remodel in vitro the chromatin structure of gene regulatory regions, in conjunction with transcriptional regulators. Complexes with such regulatorspeci®c activities contain dierent essential ATPase subunits: the ISWI ATPase discussed above (NURF, CHRAC), the SWI/SNF ATPase (for review see Winston and Carlson, 1992) , or Mi-2 homologues (NuURD or NRD, Tong et al., 1998; Wade et al., 1998) . These complexes dier in their subunit composition and abundance (reviewed in Pollard and Peterson, 1998; Vignali et al., 2000) , and introduce various alterations in nucleosomes, which dier from one complex to another (reviewed in Kingston and Narlikar, 1999) . The mechanisms underlying the nucleosomal modi®cation also seem to dier: the ISWI-containing complexes loosen the histone/DNA interactions, resulting in an increased movement of nucleosomes by a`sliding' mechanism, while the SNF/ SWI-based complexes create an`activated', then à remodelled' nucleosomal structure, with increased accessibility of the DNA to enzymes or DNA binding proteins. SNF/SWI containing complexes can, under certain conditions, mediate the transfer of histone octamers to free DNA (reviewed in Kingston and Narlikar, 1999) .
The transactivator-dependent nucleosome remodelling complexes stimulate the in vitro binding of transcription factors to mononucleosomes or nucleosomal arrays (LeRoy et al., 1998; Tsukiyama and Wu, 1997; Tsukiyama et al., 1999; Cote, 1994; . Recent work indicates that genespeci®c activators target remodelling complexes to regulatory regions by directly interacting with them (Neely et al., 1999; Yudkovsky et al., 1999) . These interactions are mediated by the activation domains of the transcription factors, which have been shown to recruit SNF/SWI remodelling activity to nucleosomal templates in vitro (Neely et al., 1999; Yudkovsky et al., 1999) . Several authors have also reported the activatormediated targeting of chromatin remodelling complexes to transcriptional regulatory regions in vivo (Cosma et al., 1999; Fryer and Archer, 1998; KowenzLeutz and Leutz, 1999; Lee et al., 1999a) .
A mechanism including chromatin remodelling through interaction with transcriptional regulators may be involved in site-speci®c origin recognition in eukaryotes. In multicellular eukaryotes as well as in S. pombe, origins are often found to be close to the transcriptional promoter regions (DePamphilis, 1999; FrancË on et al., 1999) . In S. pombe, a strong preference of origins to localize close to promoters has been observed. Moreover, deletion analysis shows that regulatory elements for transcription and replication overlap (Gomez and Antequera, 1999) . In mouse embryos, transcription control elements are required for both replication and transcription during embryonic development (Majumder and Depamphilis, 1994) . In Xenopus and Drosophila development, the speci®ca-tion of DNA replication origins occurs only after the onset of transcriptional activation (Hyrien et al., 1995; Sasaki et al., 1999) . Recently, the tethering of the acidic transcriptional activator domain of BRCA1 to a replication origin was reported to stimulate DNA replication (Hu et al., 1999) . Chromatin remodelling within the transcription regulatory regions may therefore provide a indirect but determinant event in the localization of DNA replication origins in eukaryotes.
Replication eciency has been studied in SNF/SWI de®cient yeast strain. Replication of minichromosomes bearing an ARS1 was unaected, while a strong inhibition of replication from ARS121 was detected. A minimal ARS1 sequence devoid of the ABF1 binding site has also shown a strong dependence on the presence of SNF/SWI complex (Flanagan and Peterson, 1999) . This dependence relies upon the ability of transcription factors to maintain an altered nucleosomal structure at the replication origin, on their own or in combination with the SNF/SWI remodelling complex (Flanagan and Peterson, 1999) . Viral DNA replication is also stimulated by chromatin remodelling complexes. The Drosophila CHRAC complex has been shown to stimulate the Tantigen-dependent replication of SV40 minichromosomes. CHRAC alters the chromatin structure, allowing ecient binding of T antigen at the SV40 origin (Alexiadis et al., 1998) . A direct interaction has been detected between one of the subunits of the human SNF/SWI complex, SNF5, and the papillomavirus E1 helicase (Lee et al., 1999b) . This interaction correlates with stimulated transient E1-dependent DNA replication of the HPV18 genome. The eect of SNF5 may rely on chromatin remodelling at the origin by the SNF/SWI complex that increases E1 binding to the origin (Lee et al., 1999b) .
Although all these observations are highly signi®-cant, no direct involvement of chromatin remodelling complexes in the speci®cation of replication origins nor in replication timing in higher eukaryotes has been reported to date. Interestingly, the eukaryotic Origin Recognition Complex (ORC) was shown to move along the chromatin (`chromatin scanning') before setting in a speci®c position (Mizushima et al., 2000) . The presence of altered or open chromatin con®gura-tion may present a window of opportunity for ORC and allow it to position on chromatin thus de®ning a replication origin (Figure 1 ).
Chromatin topology and replication eciency
Proteins that globally modify the topology of chromatin may also aect the DNA replication eciency. The high mobility group (HMG) protein 17 binds to the nucleosomal core particle and has been shown to extend the conformation of SV40 minichromosomes, without aecting the number of nucleosomes or composition of the chromatin. The HMG17-containing chromatin has an enhanced potential for T antigendependent replication in vitro: both initiation and elongation rates of replication are stimulated in the presence of HMG17 . The DEK protein, initially identi®ed as a proto-oncogene involved in acute myeloid leukaemia, has an opposite eect: it reduces the negative supercoiling of SV40 minichromosomes via its interaction with H2A/H2B dimers, without altering the histone composition of the chromatin. The DEK-mediated topological change of SV40 minichromosomes correlates with a reduced replication eciency in vitro (Alexiadis et al., 2000) . Therefore DEK may play a global role in the organization of chromatin and modulate its replication potential.
Chromatin remodelling machines may also participate in processing of the replication fork. However to date, no relationship between progression of the replication fork and chromatin remodelling has been detected yet. Whereas the initiation of SV40 minichromosome replication by T antigen is stimulated by CHRAC, the elongation rate is unaected (Alexiadis et al., 1998) .
CHRAC and DNA topoisomerase II: a role in replication termination?
Replication of DNA produces a torsional stress as the replication machinery unwinds DNA and partially removes nucleosomes. At the end of replication, the two sister chromatids have to be separated, and the torsional stress caused by the assembly of chromatin on the newly synthesized DNA has to be removed. These functions are accomplished by DNA topoisomerases, enzymes that participate in the metabolism of chromatin by altering the DNA topology and reducing the torsional stress in DNA caused by transcription, replication and chromatin assembly (for review see Wang, 1996) . DNA topoisomerase II was found to copurify with the chromatin-remodelling complex CHRAC (Varga-Weisz et al., 1997) . Although topoisomerase II is not required for CHRAC activity in vitro, its association with chromatin-remodelling complexes may be required for replication termination. It is known that interaction of topoisomerase II with DNA is inhibited by chromatin and that it requires a relatively open chromatin conformation to associate with DNA (Capranico et al., 1990; Reitman and Felsenfeld, 1990) . Therefore, association of topoisomerase II with DNA may require a chromatin-remodelling activity. In the SV40 system, topoisomerase II preferentially interacts with the control region located in the vicinity of the replication origin and the replication termination area (Pommier et al., 1991) and is necessary for initiation (Halmer et al., 1998) , processing and termination of replication (Ishimi et al., 1992; Yang et al., 1987) . Separation of the intertwined newly replicated DNA molecules may also require repositioning of nucleosomes and thus involvement of the chromatin-remodelling machinery in this process (Figure 2 ).
DNA loop domains and organization of replication
DNA replication is activated synchronously in numerous adjacent origins colocalized into replication factories (Jackson, 1990) . Eukaryotic replicons are usually 50 ± 300 Kb long (Berezney et al., 2000; Edenberg and Huberman, 1975; Jackson and Pombo, 1998) and 25 to 100 replicons may be organized into a replication factory (Jackson and Pombo, 1998; Nakayasu and Berezney, 1989) . The size of a replicon generally correlates with the size of DNA loops in the nucleus (Buongiorno-Nardelli et al., 1982) .
During development, a remodelling of DNA loop domains is observed in many species (BuongiornoNardelli et al., 1982) . In Xenopus, shortening and thickening of metaphase chromosomes from the blastula to the swimming larva stages is accompanied by a signi®cant increase in the length of DNA loops (Micheli et al., 1993) . This general rearrangement of the higher order structure of chromatin re¯ects a reduction of the number of associations of MAR/SAR to the scaold and matrix.
Embryonic development provides an interesting model for testing transitions in DNA replication that could be associated with changes in the structure of chromatin. In Xenopus, the ®rst 12 cell cycles proceed in the absence of transcription until the mid-blastula transition (MBT), when transcription is activated. Before the MBT, there are no speci®c attachments of the DNA loops to the nucleoskeleton, and for two distinct domains, containing rDNA and the c-myc genes, activation of transcription at the MBT correlates with a speci®cation of nuclear matrix attachment (Vassetzky et al., 2000) . The developmental change of nuclear matrix attachments sites of rDNA domain from apparently random before the MBT to speci®c and con®ned to the intergenic spacer after the MBT is accompanied by an increase in the size of chromatin loops (Buongiorno-Nardelli et al., 1982, and our unpublished data), as well as with the speci®cation of replication origins in the intergenic regions (Hyrien et al., 1995) . Speci®c attachment of the rDNA chromatin domain after the MBT may permit it to be structurally insulated for both transcription and replication. Signi®cantly, after the MBT, both transcription and replication termination sites in the rDNA domain are located within the intergenic spacer (Maric et al., 1999; Meissner et al., 1991) .
In the chicken alpha-globin gene domain (Razin et al., 1986) , in the murine immunoglobulin locus (Cockerill, 1990) , and in the lamin B2 locus (Lagarkova et al., 1998) , the nuclear matrix attachment regions (MARs) were found to coincide with the replication origins. It is known that an altered chromatin structure is often present at the nuclear matrix attachment sites, and this may facilitate the binding and assembly of the replication complex by perturbing the nucleosomal organization of the chromatin (Benham et al., 1997) .
Developmentally regulated chromatin organization and replication
In somatic cells, a tight coordination between mitotic division and cell growth is observed: S phase does not start before a crucial regulatory point is reached in the G1 period of the cell cycle (Elledge, 1996) A dierent strategy is used during the rapid cleavage stages of several animal species, where an uncoupling of cell growth and cell division is observed. This is the case in Xenopus laevis, where early embryonic cell cycles rapidly oscillate between S and M phases. A speci®c nuclear structure called karyomeres (independent chromosomes coated with a nuclear membrane) have been observed during early development in sea urchin, polychaete, and Xenopus embryos, Both the assembly of the lamina and proteins involved in initiation and elongation of DNA synthesis occurs within karyomeres before their fusion into the nucleus (Lemaitre et al., 1998) . The karyomeres behave as independent units of DNA replication. The existence of this specialized chromatin organization during early development allows rapid and ecient replication of Xenopus genome.
Replication and establishment/abolition of epigenetic regulation; replication as an active chromatin remodelling factor DNA replication may play an important function in cellular commitment and determination during embryonic development. It can assemble or erase previously assembled transcription complexes (Wole and Brown, 1986) and therefore actively participate in chromatin remodelling during cell division. The packaging of newly replicated DNA into chromatin represents an opportunity when chromatin structure may be modi®ed. Deposition of nucleosomes onto newly replicated DNA is mediated by histone chaperones, such as NAP-1 (reviewed in Ito et al., 1997) and CAF-1 (Ridgway and Almouzni, 2000) , which interact with histones and stimulate their association with newly replicated DNA. CAF-1 is composed of three highly conserved sub-units (Bulger et al., 1995; Kamakaka et al., 1996) . The largest subunit of CAF-1, p150, has been shown to interact with the Proliferating Cell Nuclear Antigen (PCNA) (Shibahara and Stillman, 1999) . This interaction is responsible for the selectivity of CAF1-mediated chromatin assembly onto replicated DNA. After replication fork passage, PCNA molecules remain bound to the duplicated DNA. As the loading of PCNA onto leading and lagging strands is asymmetric, the CAF1-mediated chromatin assembly could dier between sister chromatids, and may result in the formation of asymmetric chromatin structures between sister chromatids before cell division (Shibahara and Stillman, 1999) . In yeast, the maintenance of silent heterochromatin is dependent upon DNA replication (Miller and Nasmyth, 1984; Zhang et al., 2000) . PCNA is a factor that connects DNA replication and epigenetic inheritance of silent chromatin in mating type loci, enabling DNA replication-dependent assembly of a heterochromatin by virtue of its interaction with CAF-1 (Zhang et al., 2000) . CAF-1 has also been shown to interact via its smallest subunit with histone deacetylases, such as human HD1 (Taunton et al., 1996) , and the Mi2-NURD complex, that contains both deacetylase and chromatin remodelling activities (Wade et al., 1999) . CAF-1-associated deacetylase complexes probably modify the acetylation level of newly deposited nucleosomes. As dierent levels of histone acetylation are characteristic of silent and active chromatin, the deacetylase could participate in the determination or maintenance of specialized chromatin states after DNA replication. Indeed, CAF-1 was shown to be required for maintenance of heterochromatin at telomeres and mating type loci in yeast (Enomoto and Berman, 1998; Enomoto et al., 1997) . CAF-1 may ensure the incorporation of acetylated histones into silent chromatin, thus promoting an association of heterochromatin proteins (Enomoto and Berman, 1998) . The ®nding that mouse CAF1 interacts with the heterochromatin-speci®c protein HP1 corroborates this hypothesis (Murzina et al., 1999) .
The interaction between CAF-1 and Mi-2NURD, which also displays nucleosome modifying activities, raises the possibility that chromatin remodelling may take place in the course of chromatin maturation soon after DNA replication. The chromatin remodelling complex NURF has also been shown to contain the p55 subunit of Drosophila CAF-1 (Martinez-Balbas et al., 1998), reinforcing a possible link between chromatin remodelling and replication-dependent chromatin assembly.
Conclusion
In recent years, studies of gene regulation have progressively taken into account the chromatin structure within the nucleus. Evidence has emerged that transcription factors bypass the repressive eect of chromatin in order to act at the regulatory regions. Alteration of chromatin structure has been found to be an important regulatory process of gene expression. The growing number of chromatin remodelling complexes identi®ed to date suggests that the regulation of chromatin structure is fundamental for most processes aecting genomic DNA expression. The eect of chromatin remodelling complexes on DNA replication has not yet been de®ned, but they are likely essential players in the speci®cation of replication origins as well as in epigenetic regulation. It is noteworthy that replication origins in higher eukaryotes do not share a detectable consensus sequence, in contrast to ARS in S. cerevisiae. The role of chromatin remodelling complexes may be fundamental in determination of the spatial and temporal organization of replication origins. To date, no involvement of chromatin remodelling complexes in cellular DNA replication has been reported. However, remodelling of chromatin in relation with DNA replication might involve multiple complexes with redundant functions, and the absence or inactivation of one of them could be compensated for by others. Chromatin assembly and maturation which follows DNA replication is essential for the determination of the state (repressive or transcriptionally active) of the newly replicated DNA. The existence of chromatin remodelling complexes with chromatin assembly activity and the interactions that have been detected between the chromatin assembly factor CAF-1 and subunits of chromatin remodelling, argue that chromatin remodelling may take part in the maintenance or modi®cation, of chromatin following DNA replication.
A higher level of chromatin organization lies within the loop domains, which probably correspond to replicons. The role of chromatin structure in determining such higher order structures of genomic DNA remains an important issue.
